Abstract Stridulatory sound-producing behavior is widespread across catfish families, but some are silent. To understand why, we compared spine morphology and ecotype of silent and vocal clades. We determined vocal ability of laboratory specimens during disturbance behavior. Vocal families had bony (not flexible or segmented) spines, well-developed anterior and/or posterior serrations, and statistically significantly longer spines. We compared morphology of the proximal end of the pectoral spine between vocal and silent species. For vocal taxa, microscopic rounded or bladed ridges or knobs were present on the dorsal process.
Studies of sound-producing behavior in catfishes (Teleostei: Siluriformes) highlight the importance of sound signals in reproductive and agonistic behavioral contexts (Kaatz, 2002; Fine and Ladich, 2003) . Pfeiffer and Eisenberg (1965) hypothesized that catfishes with weaponized pectoral spines produce disturbance sounds as a form of acoustic aposematism, but an experimental study of one species did not support this hypothesis (Bosher et al., 2006) . Disturbance sounds are produced when a catfish is physically restrained in a way similar to an interspecific or predatory attack and can indicate the presence of stridulation signaling in undisturbed intraspecific contexts (Kaatz, 1999) . Heyd and Pfeiffer (2000) observed that chemical alarm signals were weakened or absent from species that were vocal during disturbance. These findings suggest that disturbance could function as a vocal in place of a chemical alarm signal. Thus, sound production is a widespread and potentially important aspect of catfish behavior. Determining the distribution and evolutionary patterns of vocal behavior and morphology in catfishes is essential to understanding communication in these fishes.
The phylogenetic distribution of vocal swimbladder mechanisms in catfishes suggests multiple independent origins within the order (Parmentier and Diogo, 2006) . Repeated, isolated origins of sound production suggest patterns of vocal mechanism acquisition, elaboration and possible loss and reacquisition. In addition to having the ability to vocalize with their swimbladders, many catfishes use pectoral spines to produce stridulation sounds, also associated with disturbance, agonistic behavior, and male courtship display (Kaatz, 1999; Pruzsinszky & Ladich 1998; Kaatz and Lobel 1999; Fine and Ladich, 2003) . The evolution of pectoral spine stridulation in catfishes is unexplored.
The structures employed for sound production in pectoral spine stridulating catfishes are part of a synapomorphic complex of characters that define the Order Siluriformes (Alexander, 1965) . The functional role of this complex in catfishes is known to serve a locking function for a passive predator defense that deters gape-limited predators (Alexander, 1981) . The structures involved are the pectoral girdle groove, the spine locking processes (Gainer, 1967) , and, specifically, the dorsal process of the proximal end of the pectoral spine (Fine et al., 1997) . The vocal mechanism includes microscopic bony ridges on the pectoral spine proximal surfaces that articulate with the pectoral girdle (Burkenroad, 1931; Agrawal and Sharma, 1965; Goel, 1966; Schachner and Schaller, 1981; Kaatz and Stewart, 1997; Fine et al., 1997; Teugels et al., 2001; Fabri et al., 2007; Parmentier et al. In Press) . These ridges are hypothesized to be responsible for the production of pulsed, broad-band frequency "creaking" sounds (Tavolga 1960; Winn 1964; Fine et al. 1997) and are analogous to the stridulatory mechanisms of vocal communicating arthropods (Ewing, 1989) . Determining if vocal morphology, the presence of ridges, is a reliable indicator of vocal ability would allow the mapping of vocal compared to non-vocal or silent taxa and provide an insight into the evolution of this stridulation mechanism.
What are the evolutionary constraints or selection pressures that might lead to loss of vocal behavior and morphology within a vocal clade? While sound production appears to be a relatively specialized behavior among fishes (Demski, et al., 1973; Ladich et al. 2006; Senter, 2008) , reasons for the loss of vocal ability remain enigmatic. The causes of vocal mechanism loss have been examined in anurans (Martin, 1972) , and sound production within an arthropod species can be lost rapidly (Zuk et al., 2006) . Based on investigations of their vocal behavior or morphology, it has been found that more than ten families of vocal fishes include silent taxa (Moulton, 1958; Nelson, 1965; Hawkins and Rasmussen, 1978; Schuster, 1984 Schuster, -1985 Stewart, 1986; Chen and Mok, 1988; Kaatz, 1999; Ladich and Popper, 2001; Johnston and Vives, 2003) . Absence of vocal ability was shown by a lack of muscles or bones specific to the vocalization mechanism in some species. Four of these families are catfishes, suggesting either ancestral absence or evolutionary loss of the swimbladder drumming mechanism in ariids (Kulongowski, 2001) , pimelodids (Stewart, 1986) , pangasiids (Parmentier and Diogo, 2006) , and heptapterids (Heyd and Pfeiffer, 2000) , although cladistic analysis, an explicit comparison of primitive versus derived taxa, was not conducted in all cases. Among fishes in general, many authors have speculated on the types of selection pressures that may produce silent lineages. The major areas these hypotheses cover are (reviewed in Kaatz, 1999) : social behavior (Protasov et al., 1965) , predator-prey interactions (Hawkins and Rasmussen, 1978) , sensory ability (Ladich, 1999) , and ecomorphology (Marshall, 1967) . In this paper, we consider possible ecomorphological factors leading to the loss of sound production in catfishes.
Ecological selection pressures, differences between habitats among these, could effect fin spine morphology. Fin spine lengths differ between pelagic and littoral habitats in freshwater sunfishes (Robinson et al., 2008) and between marine shallow and deeper water ecotypes of groupers (Carvalho-Filho et al., 2009 ). Among catfishes, a shift from a bottom-dwelling habit to a burrowing habit in clariids correlates with a significant reduction of the pectoral spine, even to the point of complete loss in some individuals (Adriaens et al., 2002) . A sub-benthic or burrowing habit, thus, appears to pose a constraint on using the pectoral spine for sound production. Multiple-use anatomical structures such as pectoral fins in catfishes play important functional roles in locomotion, brood care (Ochi and Yanagisawa, 2001) , and defense, as well as in sound production (Fine and Ladich, 2003) . We propose that there may be structural differences in the pectoral fin spine associated with these different functions and that some roles may conflict with others, imposing constraints on vocal mechanism design. Specifically, we hypothesize that shifts in pectoral fin use between different ecotypes may alter the use of the pectoral spine in vocal behavioral display, and we evaluate this hypothesis in this paper.
Materials and Methods

Literature review of pectoral spine distal morphology: Inter-familial variation
We conducted a survey of the vocal abilities of catfishes for all extant catfish families. The vocal or silent status of catfish families was based on previous reviews from the literature (Kaatz, 1999; Heyd and Pfeiffer, 2000) . We categorized all species within a family as vocal if at least one species was known to be vocal. In order to determine if there were any differences between the gross morphology of pectoral spines of vocal and silent catfishes, we conducted a literature review of gross spine morphology by obtaining measurements of pectoral spine lengths from descriptions of type specimens in the literature for 351 references and 993 species (Teugels, 1996; All Catfish Species Inventory Database, Sabaj et al., 2003 . We recognized the 34 living families cited in Ferraris (2007) and four additional living families (Auchenoglanididae, Heteropneustidae, Lacantuniidae, and Horabagridae) identified by molecular techniques (Sullivan et al., 2006; Lundberg et al., 2007) .
From these publications we extracted the quantitative and qualitative morphology of the anterior-most lepidotrichium of the pectoral fin, henceforth referred to as the "pectoral spine", for each species. We noted pectoral spine length, fish specimen standard length (SL), and the location and development of the anterior and posterior serrations on the pectoral spine for each species. For most species only one data point was obtained for each species (i.e., the holotype), but when available, we also used the range for paratypes as reported in the literature. We also noted the predominant habitat specializations or ecotypes for the majority of species within each family as described in the literature.
We applied and extended the comparative technique and classification scheme of Fernandez (1980) for ranking families by percent standard length of the pectoral spine (Appendix 1). Differences in spine length between vocal and silent taxa were evaluated with an analysis of covariance, with standard length as the covariate to account for differences in body size. This covariance analysis was performed using the JMP 5.0.1.2 statistical package (SAS Institute, Cary, NC).
Vocal disturbance behavior for laboratory specimens
The disturbance behavioral context in fishes, that simulates a predation attack and releases many fishes' agonistic vocal repertoires, provides a valuable tool for sampling fish sounds (Fish and Mowbray, 1970; Kaatz, 1999; Lin et al., 2007) . In total, we evaluated 143 species in 23 families (Appendix 2). Disturbance sounds for vocal members of 81 species (for sample sizes see Kaatz, 1999) were recorded with a VHS Panasonic video camera while the fish was held by hand underwater within 3 to 6 cm of a suspended hydrophone (left side facing the hydrophone), either in the field or in a glass aquarium (see Kaatz, 1999; Kaatz and Lobel, 2001) . For all remaining species, individuals were held in the air, and only the presence of disturbance stridulation was noted. For these remaining 62 species, one to 57 individuals per species were evaluated (mean 13 +12 SD). Standard length (cm) and weight (g) were recorded for each individual immediately after recordings or observations were made for all individuals.
Thirteen vocal species representing four families that were studied for disturbance behavior were also studied in undisturbed social settings. Observations on vocal behaviors associated with reproductive and agonistic interactions in aquaria demonstrated that the presence of disturbance stridulation correlated with the use of the same vocal mechanism in undisturbed contexts (Kaatz, 1999) . Thus, when we observe disturbance sounds in a species of catfishes, it is a likely indicator of the presence of another vocal communication context that employs this mechanism. Lack of disturbance sounds is not necessarily an indicator of total silence, as some vocal fishes, such as cichlids, are not known to produce any disturbance sounds. For one additional species, Ageneiosus magoi, we also monitored behavior for seven individuals, including both adult males and females (n = 34, 10 -20 min observations). In order to determine the extent of vocal ability in catfishes we particularly focused our survey of vocal disturbance behavior within several clades: (1) Mochokidae (18 species, 3 genera), (2) the doradoids, which include the Doradidae (24 species, 17 genera) and Auchenipteridae (12 species, 8 genera); and (3) Callichthyidae (48 species, 9 genera). To determine whether or not vocal behavior was evolutionarily derived for the species we sampled within each of the above families, we referred to genus level phylogenetic hypotheses for all families except the mochokids for which cladograms representing all the taxa we evaluated are lacking (Ferraris, 1988; Higuchi, 1992; Reis, 1998) .
1.3
Microscopic analyses of pectoral spine proximal morphology for laboratory specimens
In order to determine if there were any differences in the surface structures on the proximal end of the pectoral spine, we conducted a microscopy survey of these structures (1 -22 individuals per species; Appendix 2) for the same individuals whose social and disturbance behaviors were documented. Experimental fishes were euthanized following standard techniques (ASIH, AFS, and AIFRB, 1988) and skeletonized by water maceration. The cleaned bones were then air-dried. Morphology of the pectoral spine base was observed for 14 mochokid, 16 doradid, 12 auchenipterid, and 48 callichthyid species. We observed an additional 34 species in 19 other catfish families. Spine morphology was studied with a scanning electron (JEOL 5800, 15−20 KV, 30x−2,000x) or stereoscopic (Leica Zoom 2000, 30x− 45x) microscope. Scanning electron microscopy samples were sputter-coated with gold palladium. Lateral surfaces of the pectoral spine dorsal process were imaged and documented for surface morphology patterns. The locking surfaces of the dorsal spine as well as the locking anterior and ventral processes of the pectoral spine were viewed for callichthyid, mochokid, doradid, and auchenipterid specimens (1−3 species per family, n = 12). We compared pectoral spine length (measured with digital calipers to nearest 0.01 mm) and weight (electronic microbalance to the nearest 0.001 g) for two vocal (Liosomadoras morua and Trachelyopterus cf. galeatus, n = 8 individuals for each species) and three silent species (Ageneiosus spp., n = 10 individuals) within the Auchenipteridae; differences in length and weight were statistically analyzed using ANOVA with Statistica (Ver. 6.0).
Historical biology of pectoral spine vocalization
In order to evaluate ecological patterns in relationship to vocal ability we mapped these character states onto the maximum parsimony siluriform phylogeny using unordered parsimony reconstruction in Mesquite (Ver. 2.5; Maddison and Maddison, 2009 ). We recognized the established families and general topology of Sullivan et al. (2006) . Following Lundberg et al. (2007), we accepted the topology for African families whose relationships had been re-assessed relative to the new family Lacantuniidae. We did not make any changes for families in the Asian clade, as the family status of different genera of the Amblycipitidae is not yet fully resolved (Sullivan et al., 2008) . Combination of the topologies for the different phylogenetic trees allowed for mapping of relationships for all 19 vocal families and for a total of 37 families. Austroglanididae is not mapped in Sullivan et al. (2006) and is silent.
For comparing shortened versus lengthened catfish pectoral spines relative to a phylogenetic standard, we calculated an average based on other bony fishes. We used the average length for the anterior-most lepidotrichium of the pectoral fin or "spine" (homologous to the catfish pectoral spine) for bony fishes that do not use their fin rays for sound production but do use them for locomotion, a functional difference we were trying to contrast. This average was calculated from a review of bony fish fin lengths reported in the literature and represented a wide range of taxa: 128 species, 54 families, and 19 orders (primarily Teleostei, one Chondrostei, one Holostei). We noted "spine" length for all newly described bony fish species, excluding catfishes, published in the journal Copeia between 1992 and 2008. We found this average estimate of "spine" length to be 14.3% SL +6.4 SD. This value was used to map "short" (≤ 14.3%) versus "long" (> 14.3%) pectoral fin spines on a cladogram of catfish families. An alternative measure would be to use the Diplomystidae as a reference value for spine length, as it is the most basal family to the Siluroidei clade, which includes the majority of catfish families. However, diplomystid spine lengths are not an appropriate comparison for catfish families outside the Siluroidei superfamily (Sullivan et al. 2006 ). The range of spine standard length for diplomystids was 14.9% -21.3% with a mean of 19.7% +0.03 SD (n = 6 species). This measure at its lowest estimate is very similar to the broader bony fish estimate from the "other bony fish" literature review. The upper range, above 19.7% SL, identifies eight families with very long spines relative to the Diplomystidae within the Siluroidei super family.
Results
Literature review of pectoral spine distal morphology: Inter-familial variation
Pectoral spine condition for a given species was either ossified, bony and rigid, or slender (described as filamentous in the literature) and flexible with a distally cartilaginous or segmented tip. Only three families (all silent) lacked fully ossified and serrated pectoral spines (Appendix 1): Astroblepidae, Cetopsidae and Trichomycteridae. Filamentous or flexible tips were found in some species in seven other families (Amblycipitidae, Amphiliidae, Lacantuniidae, Loricariidae, Pimelodidae, Plotosidae, Siluridae), all of whom are known as silent except the loricariids, pimelodids and plotosids.
The shortest spine length was 0.8 mm for a clariid (0.2% SL), and the longest was 144.7 mm for a doradid (26.3% SL), both vocal families (Appendix 1). Species in vocal catfish families had significantly longer pectoral spine lengths than did those in silent families (AN-COVA: df = 2, F = 1071.05, P < 0.0001). Of the eight longest spines, six were vocal families and mean % SL spines ranging from 20.6% -27.8%. Their rank order from lowest to highest is: Pseudopimelodidae, Mochokidae, Aspredinidae, Callichthyidae, Loricariidae, and Doradidae. Other vocal families were found interspersed among silent families.
Silent families had spines with mean % SL across the full spectrum of lengths, ranging from the longest, 36.5% +8.7 SD, for astroblepids, to the shortest, 7.0% +0.6 SD, for malapterurids (Appendix 1). Vocal families similarly were not restricted to any narrow range of spine lengths (8.0 +4.4 SD to 27.8 +7.1 SD for % SL for clariids and doradids, respectively). Only nine families had short spines (< 14.3% SL) relative to our bony fish reference value, and five of these were vocal. A similar number of silent (13) and vocal (14) families had long spines (> 14.3% SL). The eight families above 19.7% SL, that have spines shorter than the average Diplomystidae, are predominantly vocal (6 of 8). In contrast, the group of families with the shortest spines had slightly more silent families (6 of 11) based on the lower diplomystid spine value (14.9% SL). The families with intermediate spine lengths relative to diplomystids also had similar numbers of vocal (8 of 18) compared to silent (10 of 18) families.
Variation of serration morphology on the pectoral spine (Appendix 1) included: (1) serrations present on both sides or present on only one side; (2) well-developed serrations that were regularly hook-shaped to irregularly shaped; and (3) serrations visible without a microscope to weakly developed serrations requiring a microscope to count. There was a relationship between spine serrations and vocal behavior. Six families (all silent) lacked serrations entirely: Malapteruridae, Trichomycteridae, Cetopsidae, Amblycipitidae, Lacantuniidae, and Astroblepidae. The silent amphiliids mostly lacked serrations, but one genus does have them. Among the silent sisorids, some lacked and some had serrations. There was a relationship between spine secondary serration ornamentation and vocal behavior. Of the nine families that have both anterior and posterior strongly developed spine serrations, eight are vocal, and one is silent. Six of the dual-sided serrated families also had among the highest % SL for spine length (20.6% -27.8%). A total of 23 families (except pimelodids, that had the full range of serration variation) had only one side serrated, with the other often entirely smooth or weakly serrated.
Microscopic analyses of pectoral spines for laboratory specimens and vocal characteristics
Of the 23 families we surveyed, seven were silent and 16 were vocal (Table 1) . The silent malapterurid, silurid, cetopsid, and schilbid specimens (Fig. 1) had pectoral spines that were relatively short (< 1 cm) and lightweight (< 1 mg). Malapterurids had the most reduced spine, with a proximal end that was entirely smooth, opaque bone, and whose structures were not clearly homologous to processes in any other catfish species. The dorsal process was so thin in the Schilbidae that it was translucent. In contrast, the silent erethistids, heptapterids, and sisorids had longer spines. Three silent families had dorsal process morphology unique to the silent species surveyed: (1) Ageneiosus in the Auchenipteridae, vacuolated (Fig. 1A, B) ; (2) Cetopsidae, cobwebbed (Fig. 1C, D) ; and (3) Erethistidae, beaded rows (Fig. 1E, G) . Flat convolutions (Fig. 1E, F) were also exclusively present in the Schilbidae and four other silent taxa as well as in the vocal Heteropneustidae. Other structures found in both vocal and silent taxa that were not documented with SEM were shingled teeth (e.g., loricariids and sisorids) and hemispheres (e.g., silurids and ictalurids; Table 1 ). Silent individuals of silent species in five families had a limited numbers of edge knobs, but most individuals had none.
Vocal species always had either or both ridges ( Fig.  2A, B) or knobs (Fig. 2C, D) present on the dorsal process. Honeycombed patches were present on the dorsal process to the right and left of centrally located ridges or knobs in several vocal families ( Fig. 2C, D ; Table 1 ), although only silent species had this structure solely covering the process.
Articulating surfaces of the anterior and ventral locking process of the pectoral spine proximal end, located below the dorsal process, had only either honeycombed or convoluted surface structures (Fig. 2E) . Dorsal spine locking surfaces articulating with the vertebrae had only convolutions (Fig. 2F) .
Vocal and silent species were both present in a group of eight families (Table 1) . Ridges and or knobs were present in all vocal species. Ridges and knobs were present in silent species in the genera Corydoras, Tatia, Ameiurus, Noturus, and Otocinclus, while all other silent species lacked ridges entirely and had either edge knobs or predominantly convoluted or honeycombed surface morphology. Within the vocal families that we surveyed at the species level, very few silent species were found. From 8 to 11% were silent per clade: 3 of 32 doradoids (Auchenipteridae + Doradidae), 2 of 18 mochokids, and 4 of 48 callichthyids (ridged and knobbed species scored as vocal). Ridges and knobs on the shelf of the dorsal process were present in all vocal species.
Ridge and/or knob morphology was present in all individuals of eight (e.g., doradids, horabagrids, pimelodids, ariids, aspredinids, heteropneustids, pangasiids, and auchenoglanidids) of the vocal families that had vocal behavior present in each species sampled in the family (Table 1) . Two of these families are categorized as "strongly vocal", as each individual produced disturbance stridulation sounds in great numbers, with multiple sweeps of the pectoral fin as opposed to single Ridges may be round or bladed and are linear, extending from process edge to >1/2 of process shelf. Knobs are short ridges found only at the process edge or onto <1/2 of process shelf. See Appendix 2 for lists of species where more than one species per family is indicated by a number in parentheses. Abbreviations: S = Silent; V = Vocal.
Fig. 1 Electron micrographs of pectoral spine surface structures, dorsal view of dorsal process (lateral side) in "silent" species
A. Ageneiosus sp., whole spine with ribbed spine shaft, irregularly vacuolated surface of process (30×). B. Ageneiosus sp., further magnified vacuolated surface (230×). C. Denticetopsis praecox, whole needle-shaped spine, cobwebbed surface of process (85×). D. Denticetopsis praecox, further magnified cobwebbed surface (550×). E. Hara jerdoni, whole spine with anterior and posterior serrations, smooth base, curled process edge (65×). F. Hara jerdoni, magnified flat convolutions (1,000×). G. Hara jerdoni, beaded lines present at both ends of process (2,000×).
sweeps. Their sounds and the sounds of most vocal species we recorded produced "creaks" whose spectrograms indicated pulsed broadband frequency sounds that were audible, temporally even-spaced pulses (Fig.  3A) . Of the six "weakly vocal" families that had a reduced capacity for stridulation (less than half of individuals tested produced sounds, and these were often few in number, sometimes only one sweep), three produced sounds audibly different from all other catfishes recorded: Parauchenoglanis sp., Pangasius sutchi, and Heteropneustes fossilis. The spectrograms were of frequency modulated "squeaks" (Fig. 3B ) with few broad-band pulses, and individuals rarely could be stimulated to produce any sounds during disturbance even as adults. The "squeaks" were narrower in frequency band than were "creaks" and weakly pulsed, lacking regular spaces between pulses. Only one individual each of the Heteropneustidae and Pangasiidae produced a single "squeak" by abduction and adduction of the pectoral spine. Ariid, aspredinid, auche-noglanidid and pimelodid individuals produced "creaks" by weakly audible multiple sweeps of pectoral fin spine abduction and adduction. Raised linear ridges (rounded or bladed), that extended from the edge of the dorsal process to at least half of the shelf of the dorsal process ( Fig. 2A, B ), were present in both "strongly vocal" families as well as in Ariidae, Heteropneustidae, and Pimelodidae. Short knobs at the edge of the process (Fig. 2C) were present to the exclusion of ridges in auchenoglanidids and pangasiids. Knobs that reached onto the dorsal process (Fig. 2D) were present in aspredinids and pimelodids.
Fig. 2 Electron micrographs of pectoral spine bony surface structures, dorsal view of the dorsal process (lateral side) in vocal species
A. Corydoras habrosus, rounded ridges in center and bladed ridges at process ends (140×). B. Heteropneustes fossilis, bladed ridges (200×). C.
Mystus carcio, knobs on edge with extensive honeycombed surface, smooth spine shaft base (110×). D. Batrochoglanis raninus, knobs on edge and on process shelf, two honeycombed patches (65×); Articulating surfaces of spine structures not associated with sound production. E. Batrochoglanis raninus, honeycombed surface, pectoral spine locking surface, anterior process (350×). F. Corydoras paleatus, convolutions, proximal end of dorsal spine locking surface.
Fig. 3 Spectrograms of disturbance pectoral spine stridulation sounds recorded from two species in the Mochokidae
A. "creaking", Synodontis eupterus (above), and B. "squeaking" Hemisynodontis membranaceus (below). The "creaking" species has numerous ridges that cover more than half of the dorsal process shelf, while the "squeaking" species only has short knobs at the edge of the process.
Pectoral spine variation within three clades for laboratory specimens and their ecotypes
All doradid species had both rounded ridges and knobs that reached onto the shelf of the dorsal process, and were vocal, producing broad-band, pulsed "creaks" (Fig. 3A) . Spines of doradid species were very thick, with strong serrations on both the anterior and posterior surfaces. Their spine weights ranged from 0.011 to 2.074 g (mean 0.279 ± 0.294 SD, n = 23), and lengths ranged from 10 to 58 mm (mean 28.07 ± 12.18 SD, n = 23). All species of Auchenipteridae, the sister group of Doradidae, were vocal as well, except species in the genus Ageneiosus, which did not produce pectoral stridulation disturbance sounds and lacked any known vocal morphology on the dorsal process. Ageneiosus pectoral spines were thin, translucent, and brittle, with segmented distil ends. In contrast, vocal doradid spines were solid opaque bone and non-brittle, with a sharp distal point. Spine weight (6 -46 mg, mean 17 ± 13 SD, n = 10), but not spine length (12 -36 mm, mean 23 ± 8 SD, n = 10), of three Ageneiosus species was significantly less (ANOVA df = 2, F = 15.9, P < 0.0001) compared to two disturbance-stridulating genera in the same family. The spines of the two vocal genera did not differ from each other: A. Parauchenipterus cf. galeatus spine weight range 210 -918 mg (mean 502 ± 242 SD, n = 8) and spine length range 19 -35 mm (mean 29 ± 5 SD, n = 8); B. Liosomadoras morhua spine weight range 28 -764 mg, (mean 447 ± 275 SD, n = 8) and spine length range 16 -36 mm (mean 27 ± 8 SD, n = 8). Ageneiosus species also lacked serrations along the anterior margin of the pectoral spine and had few (< 10), very low-aspect microscopic serrations on the posterior margin. All vocal species of both families had strongly curved, numerous, and visibly countable serrations on both margins of the spine. All doradids species were predominantly bentho-pelagic while active. Within the Auchenipteridae all species are benthopelagic except Ageneiosus species which are pelagic piscivores.
In our survey of the Mochokidae, one species, Hemisynodontis membranaceus, a pelagic zooplanktivore, produced weak, poorly pulsed and rare "squeaks" (Fig.  3B ). Its pectoral spine had a largely smooth surface with a few shallow anterior and posterior serrations and was longer and heavier (20.0% SL, 43 mm, 811 mg, n = 1) than those in all Synodontis species (3 -444 mg, mean 90 ± 99 SD; 8 -41 mm, mean 19 ± 9 SD; n = 69). The dorsal process surface morphology was smooth except for two patches of convolutions and had knobs only on the edge. All Synodontis species were benthopelagic and vocal, and spines had numerous serrations that were large and hook-shaped on both margins. All species in the genus Synodontis produced loudly audible, pulsed, broad-band frequency "creaking" sounds (Fig. 3A) , and had a dorsal process with well-defined, rounded ridges. The "creaking" species have numerous ridges that cover more than half of the dorsal process shelf, while the "squeaking" species only has short knobs at the edge of the process.
A species belonging to a third genus in the family, Microsynodontis sp., was silent, but its disturbance be-havior is in question, since only one specimen in poor condition was available. Its habit was benthic. Its spine was 7 mm long and weighed 5 mg and had anterior and posterior serrations that were strongly hooked. The dorsal process surface had a smooth and convoluted surface morphology, and the process itself was strongly curled in toward the spine shaft instead of closer to a 90° angle from it as in most vocal taxa examined.
Callichthyid catfishes we sampled had spine lengths that ranged from 3 to 23 mm (mean 15 ± 6 SD, n = 10) and weights from 3 to 200 mg (mean 54 ± 60 SD, n = 10). The subfamily Corydoradinae had rounded or blade-like ridges plus some areas of convolution, but within the basal genus Aspidoras, some individuals lacked ridges, having only convoluted surfaces. In the genus Corydoras, all 39 species had ridge morphology and knobs. All Corydoras with blade-like or rounded ridges produced pulsed, broad-band frequency, grating "creak" sounds. Unlike in other catfishes, disturbance stridulation was difficult to elicit even in species for which social sound communication is well documented. The majority of Corydoras species produced no sounds during disturbance. Species of the subfamily Callichthyinae typically had raised convolutions or flat convoluted surfaces. Some individuals had knoblike extensions of convolutions exposed only on the edge of the process. Only Dianema produced typical pulsed disturbance "creaks", while all individuals of other genera were silent (e.g., Megalechis, Hoplosternum, and Callichthys). Within the entire family, pelagic, benthopelagic, and benthic species exhibited both silent and vocal behavior.
Historical biology of pectoral spine vocalizations, ecotype, and spine length
Phylogenetic patterns of sound production show repeated groupings of vocal and silent lineages within clades. Of eight well-defined clades consisting of two or more families, five included both vocal and silent families (Fig. 4) . Silent families in the Loricarioid clade were basal, while the Siluroidei clade also had one silent basal family with many vocal lineages representing higher order clades.
Ecotypes, or typical habitats (Appendix 1), for the majority of species within a family were different between vocal and silent families (Fig. 4) . The majority of vocal families (13 of 19) were predominantly benthopelagic (Appendix 1). Among silent families, only Claroteidae, Malapteruridae, Lacantuniidae, Austroglanididae, and Cranoglanididae were benthopelagic. Silent taxa were mostly benthic. Of the 14 benthic families, only five were vocal (e.g., Aspredinidae, Auchenoglanididae, Chacidae, Heptapteridae, and Loricariidae), while nine were silent (e.g., Astroblepidae, Nematogenyidae, Amblycipitidae, Amphiliidae, Scoloplacidae, Akysidae, Sisoridae, Anchariidae, and Erethistidae). One predominantly sub-benthic family, Trichomycteridae, was also silent and included some parasitic species. Only four families were predominantly pelagic, and of these, only pangasiids were "weakly" (Table 1 ) and "rarely" (Appendix 1) vocal. The other three pelagic families were silent (Cetopsidae, Siluridae, and Schilbidae). The Cetopsidae also included sub-benthic or burrowing species.
Spines were long (> 14.3% SL) for the majority of families. Only nine catfish families had short (< 14.3% SL) spines. Four of the short-spined families were silent, and five of the short-spined families were vocal. Three clades showed variation in spine length, with both short (< 14.3% SL) and long (> 14.3% SL) spines representing different families within the clade.
Discussion
Patterns in vocal behavior and morphology in catfish families
Catfish families with the longest spines in terms of % SL were predominantly vocal, although many vocal families had proportionally shorter spines. Silent families are represented in some cases by highly reduced spines (ie. Cetopsidae, Malapteruridae) both in terms of length, weight and serration development. In the auchenipterids we found evidence that the strong degree of ossification (i.e., weight) and defensive morphology of the pectoral spine (i.e., presence of secondary serrations on spine margins) may also correlate with the presence of audible stridulation ability, supporting Pfeiffer and Eisenberg (1965) , who originally observed this phenomenon. This is explicable if a locking defensive spine is an exaptation for audible stridulation, as hypothesized by Alexander (1981) .
Not all catfishes are alike in disturbance sound intensity, number of vocalizations produced, or defensive morphology (Kaatz, 1999) . Members of "strongly vocal" families (Table 1) as well as loud vocalizing species with strong serrations (e.g. Synodontis) could be acoustically aposematic. Many catfish families have venom gland cells in the pectoral fin tissues (Wright 2009 ). Only some families include species with the ability to envenomate and cause painful symptoms in a human handler (Kaatz pers. observ.) , and all these are both vocal during disturbance (except Noturus insignis) and found within vocal families, suggesting that sounds could have preceded envenomation. However, many envenomators were "weakly vocal" in disturbance (Table 1) , implying constraints on envenomators for being vocal. Other families are quiet vocalizers and produce sounds of very low amplitude (inaudible to humans underwater without a hydrophone) predominantly in social contexts, rarely during disturbance (e.g. Corydoras species; Kaatz 1999) . Catfish families currently hypothesized as "weakly vocal" in disturbance (Table 1) or silent in this study could fall into this latter category. Black branches represent vocal taxa, white branches represent silent taxa, and gray represents equivocal cases. Family names with boxes indicate taxa that have a pectoral spine length greater than 14.3% SL (long spine), and family names without boxes have a pectoral spine less than 14.3% SL (short spine). The column to the right of family names indicates the predominant habitat for members of each taxon.
Microscopic vocal morphology: disturbance versus non-disturbance stridulation
The well-known microscopic, vocal ridges on the dorsal process of the pectoral fin spine (Burkenroad, 1931; Schachner and Schaller, 1981; Fine et al., 1997) were found to be widely distributed among the catfish families we surveyed and present in all species that produced disturbance sounds (Table 1) . Thus ridge or knob morphology could serve as a valuable morphological indicator for the presence of sound communication in a species. Recognizing morphologies associated with vocal behavior allows inferences about vocalizations where behavior cannot be observed, such as for rare species only represented by museum specimens or for fossils.
Not all taxa known to produce sounds with pectoral stridulation in intra-specific social contexts produced disturbance sounds in this study. At least five Corydoras have been documented to produce sounds with pectoral stridulation during male courtship (Kaatz and Lobel, 1999) , but the majority of Corydoras handled during disturbance were silent, although vocal ridge structures were present. Disturbance sounds might not be useful to such small fishes, which can be readily swallowed by a variety of predators. The ictalurid, Ameiurus nebulosus, is known to produce sounds in agonistic contexts (Rigley and Muir, 1979) ; individuals of this species that we tested were silent in disturbance as well but did have dorsal process ridges. For such fishes, morphology may be a more useful indicator of vocal ability than disturbance context observations. We infer that the following taxa may fit into this category of vocal behavior because they were silent during disturbance but have vocal ridges: Corydoras spp., Ancistrus sp., Noturus insignis, Tatia perugia, Otocinclus sp., Scleromystax barbatus, and Brochis splendens. These individuals may not have been reproductively conditioned or sexually mature enough to produce disturbance sounds. Many Corydoras species that were vocal during reproduction subsequently failed to produce disturbance sounds outside the breeding season (Kaatz, personal observation) .
Catfishes may be able to produce pectoral spine stridulation sounds without the presence of either ridges or knobs. Megalechis and Hoplosternum species had flat and convoluted surfaces ( Fig. 1) with no knobs or ridges, suggesting the lack of ability to produce typical "creaking" stridulation sounds. Megalechis thoracata is reported to produce undisturbed stridulation sounds with the pectoral spine in social contexts (Mayr, 1987) . The absence of disturbance vocalization in this species may reflect its lack of importance in predator-prey interactions.
Vocal mechanism morphology may have evolved from the friction-locking surface structures (Fig. 2) , although in some taxa ridges from the primary spine shaft extend directly onto the dorsal process surface, indicating an alternative origin for vocal structures. The absence of ridges and knobs and the presence of other novel surface morphologies in some silent species suggest a functional bifurcation between sound production for the former and spine locking for the latter structure types. Convoluted or honey-combed surfaces on the dorsal process may serve some function in the binding phase of spine locking (Fine et al., 1997) .
Ecomorphological implication of vocal ability in catfishes
Marshall (1967) observed differences in ecotype between silent and vocal fishes; swimbladder mechanisms are present in coastal and deep-sea benthic taxa and absent in bathy-and meso-pelagic taxa. Like Marshall (1967) , we found that for catfishes, vocal families were associated with bottom habitats and that the vocal ability of some highly specialized pelagic species was reduced or absent. Heyd and Pfeiffer (2000) note that some vocal species are solitary and nocturnal while some silent species are pelagic, diurnal and schooling. Ladich (1997) has observed the widespread importance of agonistic sound production in fishes that could be advantageous during territorial disputes in substrate-associated habitats. However, many silent families are benthic, more strongly restricted to the bottom than benthopelagic species which we found to be the ecotype more predominantly vocal (Fig. 4) . The silent and benthic association is not explained by any hypothesis in the literature.
Phylogenetic relations among auchenipterid genera we studied (Ferraris, 1988) indicate that pelagic habit correlated directly with an altered and reduced pectoral spine vocal mechanism for three species of Ageneiosus. This suggests differences in the functional role of the pectoral fin and its spine in the silent Ageneiosus species compared to all other auchenipterids we studied. Silent Ageneiosus species are specialized pelagic piscivores. Doradids and other auchenipterids, that are active just above the bottom or in the water column during the night, typically rest under cover on the bottom diurnally, and are territorial, competing vocally and aggressively for cover sites (Kaatz, 1999) . There was a notable difference in the way the silent Ageneiosus moved their pectoral fins. The locking mechanism was never ob-served to hold spines at 90 o to the body, as was common in vocal doradoids. Doradids and basal auchenipterids have fins that are rigid with fewer pectoral fin rays and used in inter-and intra-specific defensive behaviors, often "hooking" other individuals with their pectoral spine and engaging in lateral thrashing (Kaatz pers. obs.) . The pelagic Ageneiosus had pectoral fins that had numerous fin rays, were highly flexible and engaged in locomotion, especially hovering behavior in aquarium populations; they aggregated with conspecifics and did not engage in pectoral spine "hooking" behaviors. A reduced vocal capacity in disturbance stridulation was also found in a the pelagic mochokid catfish, Hemisynodontis membranaceus. However, its pectoral fin was robust, and the spine was similar to those of all vocal Mochokidae species, although unlike all Synodontis species, Hemisynodontis only produced "squeek" sounds. Pangasiid individuals were silent except for one individual who only produced a single spine sweep "squeek". Such "squeak" sounds, in these and other catfishes observed in this study, were irregularly pulsed or not pulsed at all, providing limited temporal information for a signal (Fig. 3) .
Other ecomorphological and behavioral specializations that correlated with currently known silent families were: electrogenesis (malapterurids), psammophilly (dwelling in sand; trichomycterids), phreatic or interstitial (in wells or between gravel/rocks; cetopsids), pelagic (cetopsids, silurids, schilbids), and possibly troglobitic (cave dwellers; ictalurids).
Historical biology of pectoral spine morphology and vocalization ability
Knowing the phylogenetic distribution of vocal and silent catfishes (Fig. 4) allows us to better understand sound communication in this diverse and ecologically important group of fishes. Questions that can be addressed include: (1) When did vocal ability arise? Was there a single basal origin for stridulation mechanisms or has it arisen independently multiple times? and (2) What are the patterns of vocal ability acquisition and loss? Catfishes evolved an ossified pectoral spine that locks in a defensive position, and this morphology is lacking in the most likely sister groups within the Ostariophysi, the soft-rayed Gymnotiformes and Characiformes (Fink and Fink, 1996; Saitoh et al., 2003; Peng et al., 2006) . Hence, pectoral spine stridulation most likely arose within the catfishes either once basally or multiple times independently in the evolution of this fish order.
There are two generally differing topologies for the evolutionary trajectory of catfish vocal ability based on either morphological or molecular cladograms. Two morphological catfish phylogenies (DePinna, 1998; Diogo, 2004) identify the family Diplomystidae as the most primitive extant family. Diplomystids have a long, bony, hypertrophied pectoral spine with serrations on both margins and structures that look similar to vocal ridges on the dorsal process (Gayet and Meunier, 1998) . Whether or not the dorsal process and these structures can be used by diplomystids for vocal behavior is currently unknown. They are currently considered silent, supporting the hypothesis of a later origin for pectoral stridulation, however if they are vocal an unequivocal early single origin for stridulation is indicated. The most recent molecular phylogeny, modified from Sullivan et al. (2006) identifies the vocal ability of the hypothetical ancestor for the entire catfish order as equivocal ( Figure  4 ). In this phylogeny the superfamily Loricarioidei is the most basal catfish group. Loricarioids have reduced spine length and are basally represented by silent families indicating that sounds are not a basal trait. Two independent origins of stridulation mechanisms among derived families within the superfamily Loricarioidei are suggested by this cladogram. The second major clade within this phylogeny is rooted by the Diplomystidae whose vocal status, as noted above, is currently uncertain. The basal condition for the remaining families in this catfish super family, the Siluroidei, is vocal suggesting an early origin for sound with silent families within this group having secondarily lost vocalization ability. The majority of derived lineages in the Siluroidei also form a polytomy, so it is not possible to discern a clear pattern of evolutionary radiation for the pectoral spine and associated vocal morphologies at higher levels within this clade, which includes the majority of catfish families. Spine vocalization mechanisms thus appear to have evolved independently at least three times between the two super families. Whether additional independent origins also occurred within the Siluroidei awaits better phylogenetic resolution of inter-familial relations and a more complete understanding of catfish vocal biology. From our parsimony analysis, we can also infer repeated transitions between silent and vocal ability within five distinct clades for the entire order. We also observe variation in spine length and ecotype (benthic vs. benthopelagic) repeatedly occurring. This pattern points to new opportunities for studying the origin of stridulation and its loss as well as the possible relationships between habitat and vocal abilities in catfishes.
